The unexpected absence of unambiguous signals of New Physics at the TeV scale at the Large Hadron Collider puts today flavour physics at the forefront. In particular rare decays of b-hadrons represent a unique probe to challenge the Standard Model paradigm and test models of New Physics at a scale much higher than that accessible by direct searches. This article reviews the status of the field.
Introduction
With the discovery at the Large Hadron Collider (LHC) of the Higgs boson 1, 2 the last missing particle for the experimental validation of the Standard Model (SM) has been found. An additional and very important LHC result is that a large new high-scale territory has been explored and no unambiguous signal of New Physics (NP) has been found.
These results indicate that there might be NP with a direct and sizeable coupling to SM particles only at very high masses, unaccessible by direct searches at present colliders, but in principle accessible by precision measurements. Another possibility is that new particles are below the electro-weak (EW) scale and couple very weakly with the SM world and so far escaped detection.
Flavour changing neutral current (FCNC) b-hadron decays are forbidden at the tree level and can therefore only proceed via loop topologies. New physics models, instead, can introduce additional couplings to new heavy mediators at both tree and loop level and these couplings could modify the values of the branching fractions and/or angular observables with respect to the SM predictions. Hence FCNC decays of b-hadrons are a powerful probe of physics beyond the SM that can be at a scale much higher than that currently accessible by direct searches.
In the recent years a wealth of experimental data on rare b-hadron decays has been accumulated by the LHCb, ATLAS and CMS experiments at the LHC, and the measurements of the branching fractions and angular observables are challenging the CKM picture with unprecendented sensitivity.
Interesting hints of deviations from the SM predictions have emerged from the analysis of rare decays mediated by b → s + − transitions. They are related to measurements of branching fractions, [3] [4] [5] [6] ratios of branching fractions, 7, 8 and angular distributions. 9, 10 These anomalies, together with the observed deviations from τ /µ (and τ /e) universality in b → c ν charged currents, 11-17 have triggered several theoretical speculations about possible NP interpretations.
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This paper reviews the state-of-the-art of the search for NP in FCNC b−hadron decays mostly at the LHC experiments. The review is organized as follows: in Section 2 a brief summary of the theoretical framework for rare b−hadron decays is presented; recent results on leptonic and semi-leptonic decays mediated by b → s 
TeV, respectively, which correspond to an increase in the b−hadron production yield by at least a factor of ∼ 2 (LHCb) and ∼ 8 (ATLAS and CMS each) with respect to that collected in Run 1, once the increase of the bb production cross section with the pp collisions centre-of-mass energy is taken into account.
Theory framework
If the SM is a low-energy effective theory of a more fundamental theory valid at higher energy scales, the effective Hamiltonian can be described by the sum of local operators O i with different Lorentz structure, multiplied by their Wilson coefficients a The inclusion of charge-conjugate processes is implied throughout.
C i , all evaluated at a renormalization scale µ:
where G F is the Fermi constant and V tb V tq (q = d, s, b) are CKM matrix elements.
Among the dimension-six operators contributing to these transitions, the operators most sensitive to new physics contributions are:
Here the primes indicate operators that have quark chirality opposite to the SM one, P L,R denote left and right-hand chirality projections and F µν and G aµν are the electromagnetic and chromomagnetic field strength tensors, respectively. The electromagnetic and chromomagnetic dipole operators Q ( ) 7 and Q ( ) 8 contribute to radiative and semileptonic decays. The semileptonic operators Q ( ) 10,S,P contribute to leptonic and semileptonic decays, the operators Q ( ) 9 only to semileptonic decays, and the operators Q L,R to decays with neutrinos in the final state.
NP contributions from heavy particles can either modify the Wilson coefficients of SM operators and/or generate new operators not present in the SM.
Leptonic decays
Leptonic decays B 0 (s) → + − with = e, µ, τ are among the most important indirect probes of NP at the LHC, as they are strongly suppressed in the SM, very sensitive to NP effects, and theoretically very clean.
These decays are extremely rare in the SM because they are not only loop and CKM suppressed but also helicity suppressed as the two spin-1/2 leptons originate from a pseudo-scalar B meson. The branching fractions of these decays can be written as: 
are taken from Ref. 47 and the notation BR denotes the time-integrated branching fractions measured by the experiments, which for the B 0 s decays, is different from the prompt one (Eq. 2) due to the not negligible lifetime difference between the B 0 s heavy and the light mass eigenstates, ∆Γ = (0.082 ± 0.007) ps −1 .
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The relation between the time-integrated branching fraction and the prompt one is given by:
where y s = ∆Γ s /2Γ s = 0.062 ± 0.006 48, 49 and A ∆Γ is the mass eigenstates rate asymmetry, defined as 
In 2017 the LHCb collaboration presented a new result based on the full Run 1 data set and 1.4 fb −1 of pp collisions collected at a √ s = 13 TeV in Run 2.
57
The B 0 s → µ + µ − decay mode has been observed with a statistical significance of 7.8 σ and represents the first single-experiment observation of the decay, with the branching fraction value of BR(B
. The enhancement of the B 0 → µ + µ − branching fraction with respect to the SM predictions 59 has not been confirmed and an upper limit has been set,
LHCb also performed the first measurement of the effective lifetime, 40 via the fit of the decay time distribution of the untagged sample:
albeit the measurement has still large uncertainties that do not allow to contrain significantly A ∆Γ .
The current experimental results on the BR(B
are summarized in Fig. 1 . They are all in good agreement with the SM predictions (Eq. 4). The search for the tauonic modes
is today of great interest in view of the recent hints of lepton flavor non-universality, as will be discussed in Section 4.3. Possible explanations for these deviations include leptoquarks, 27, 61 W /Z bosons 62 and two-Higgs-doublet models 27, 63 that could also enhance the BR(B 0 (s) → τ + τ − ) by several orders of magnitude.
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While the branching fractions of the B 0 s → τ + τ − and B 0 → τ + τ − decay modes are larger than those with electrons or muons in the final state due to the reduced helicity suppression, the experimental search for these modes is complicated by the presence of at least two undetected neutrinos, originating from the decay of the τ leptons. The BaBar collaboration has searched for the B 0 → τ + τ − mode 67 and published an upper limit BR(B 0 → τ + τ − ) < 4.1 × 10 −3 at 90% CL, while no experimental results were available for the B s → τ + τ − mode before the LHC era.
The LHCb collaboration has searched for these decay modesdata set and reconstructing the τ leptons through the decay τ → πππν τ , which proceeds predominantly through the decay chain τ → a 1 (1260)ν τ , a 1 (1260) → ρ(770)π. Assuming no contribution from B 0 → τ + τ − decays, the first upper limit is set on the
at 90% CL. The analysis was then repeated for the B 0 → τ + τ − decay, by changing the signal model, and an upper limit on the branching fraction BR(
at 90% CL is set. This upper limit represents an improvement of a factor 2.6 with respect to the BaBar result and it is currently the world best upper limit.
s → e ± µ ∓ are forbidden in the SM and their observation would be a clear evidence of NP. Their study is particularly interesting today in light of lepton non-universality effects discussed in the Section 4.3. The LHCb experiment has recently updated the results from a search for LFV decays B 0 (s) → e ± µ ∓ using the full Run1 dataset. 69 The observed yields are consistent with the background-only hypothesis and upper limits on the branching fractions are determined to be
at 90 % CL. Unfortunately in this case, the hadronic uncertainties are more challenging than for purely leptonic decay modes as the lepton pair can also originate from a photon that can enhance the decay rate by orders of magnitude when the dilepton invariant mass squared q 2 is close to the mass of charmonium resonances J/ψ(1S) and ψ(2S). In addition, exclusive decays B → M + − to a meson M require the knowledge of the B → M form factors in the full kinematic range 4m
Semi-leptonic decays
From the experimental point of view these decays are challenging because of the small branching fraction (o(10 −6 ) for b → s + − and o(10
transitions) and for the presence of low-p T electrons and muons in the final state, which are more difficult to reconstruct, in particular in a hadronic environment.
Current data on exclusive decays based on b → s + − transitions seem to show a coherent pattern of deviations from SM predictions in the values of branching fractions, [3] [4] [5] [6] shapes of angular distributions 9, 10 and in tests of lepton flavour universality (LFU), 7, 8 as will be discussed in the following.
Unfortunately, a conclusive statement about possible beyond-SM effects can not be drawn for all the decays that are affected by hadronic uncertainties, as these uncertainties could be the origin of the measured discrepancies.
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Ratios of branching fractions involving different lepton flavours 76, 77 are instead practically free of hadronic uncertainties and are of particular interest as they can be used to test the LFU in the SM. The intriguing hints of LFU deviations that have been recently observed in B semi-leptonic transitions are therefore currently at the center of a lively discussion within the flavor community.
Branching fractions
A summary of experimental measurements of the differential branching fractions for the b → s + − quark-mediated processes as
, as a function of q 2 , is provided in Fig. 2 and Fig. 3 . The results obtained from BaBar, 78 Belle, 79 CDF, 80 CMS, 81 and LHCb, 3-6 experiments are now much more precise than the corresponding SM predictions. The theoretical predictions in Fig. 2 and Fig. 3 mostly use LCSR predictions for the form-factors at large recoil (low q 2 ) b and lattice QCD for those at low recoil (large q 2 ) c . In general, the experimental measurements of the branching fractions tend to lie below the SM expectations across the full q 2 range. The discrepancy is largest for the B s → φµ + µ − decay in the large recoil region (1 < q 2 < 6 GeV 2 /c 4 ) where the experimental points are more than 3 σ away from the SM predictions. The exception to this trend is the differential branching fraction of the Λ b → Λµ + µ − where, at least at low recoil, the measured branching fraction is above (but consistent with) the SM predictions.
Angular distributions
The angular distribution of B + → K + + − decays is described only by one angle, θ , which is the angle between the flight direction of the + and the direction of the B in the di-lepton rest-frame. The differential decay rate is given by: Fig. 4 , along with SM predictions: 98, 99 they are consistent with each other and also with the SM predictions, with the larger tension observed in the BaBar measurement.
ATLAS, 100 CMS, 101 LHCb 9 and Belle 10 have also performed a full angular analysis that is sensitive to the observables that depend on the φ angle. While the large majority of these additional observables is consistent with the SM expectations, the LHCb measurement of the P 5 variable shows hints of deviations from SM predictions 102 in the q 2 region 4 < q 2 < 8 GeV 2 /c 4 , as shown in Fig. 5 . The CMS measurement of the same variable, however, is in agreement with the expectations.
While the accuracy on the experimental points is currently statistically limited, and is expected to improve with the increase of the datasets, the theory predictions suffer for hadronic uncertainties due to non factorisable corrections. The size of those corrections and the theory methods required to compute them vary strongly with but remain the largest source of uncertainty. There are also studies 75 that claim that no deviation is present once all the theoretical uncertainties are taken into account.
If the observed discrepancies are due to long-distance charm loop contributions, these can interfere with short-distance effects of the J/ψ and ψ(2S) resonances and affect the q 2 region far from the pole mass regions. To model properly these contributions, LHCb has recently performed a study resonances decaying to muon pairs, each with their own magnitude and phase.
The measured phases of the J/ψ and ψ(2S) resonances are such that the interference with the short-distance component in di-muon mass regions far from their pole masses is small. Unfortunately, the limited dataset does not allow so far to resolve the four four-fold ambiguity (δ J/ψ |δ ψ(2S) |0, π|0, π). This ambiguity can be removed with a larger dataset in the future.
Understanding the role of the charm-loops will remain a mandatory task before physics beyond the SM can be considered the responsible of the angular anomalies of the B 0 → K 0 * µ + µ − mode and branching fractions deviations. Progress on this topic will require from one side to compute charm-loop contributions consistently using a single approach, and on the other side to constrain hadronic uncertainties by extracting relevant information with more refined measurements.
Lepton flavor universality tests
Lepton Flavor Universality (LFU) is not a fundamental symmetry of the SM: it is accidental in the gauge sector, where the gauge bosons equally couple to the different lepton flavors. LFU is broken by the Higgs couplings to masses, which are flavor specific, but they have a negligible effect on the partial widths of the decays. Ratios of the partial widths which involve different lepton flavors, referred to as R-ratios, are therefore expected to be unity up to corrections from phase-space differences due to the different masses of the leptons.
In the recent years several hints of LFU in semileptonic B decays have been reported and are currently at the centre of a lively discussion within the flavor community. The observed LFU violations in B semileptonic decays can be classified into two categories, following the underlying quark-level transitions:
-τ /µ (and τ /e) LFU violations in b → c ν charged currents; -µ/e LFU universality in b → s neutral currents. 
LFU violations in charged currents have been observed in R(D
These ratios are extremely interesting observables as they are very well predicted in the SM to be R K = R K * = 1 in a large range of q 2 , with a theoretical uncertainty of o(1%).
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Measurements of R K performed at e + e − colliders operating at the Υ(4S) resonance show values consistent with unity with a precision of 20-50%.
110, 111 LHCb has measured R K with ∼ 3 fb −1 of data collected during Run 1. 7 The value of R K has been measured in the q 2 range 1 < q 2 < 6 GeV 2 /c 4 and the result, R K = 0.745 +0.090 −0.074 (stat) ± 0.036(syst), is shown in Fig. 6 . This measurement is consistent with the SM predictions at 2.6 σ level.
The q 2 range used to perform the measurement is chosen in such a way to exclude the J/ψ and ψ(2S) resonant regions and the high q 2 part above the ψ(2S) which includes broad charmonium resonances. 112 In order to minimize possible sources of systematic uncertainties, each B + → K + + − , mode is normalized to the corresponding resonant mode, B + → J/ψ( + − )K + . The LHCb result is the more precise measurement of the R K observable so far and its uncertainty is statistically dominated. Recently 8 LHCb has also measured the ratio of the branching fractions R K 0 * in two different q 2 ranges, 0.045 < q 2 < 1.1 GeV 2 /c 4 and 1.1 < q 2 < 1.6 GeV 2 /c 4 . The results:
−0.069 ± 0.047 (17) are shown in Fig. 7 along with previous measurement from BaBar 110 and Belle
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collaborations and several theory predictions. The LHCb results, which are the most precise measurements of R K 0 * to date, are compatible with the Standard Model expectations at the level of 2.1 − 2.3 and 2.4 − 2.5 standard deviations in the two q 2 regions, respectively.
Global fits and New Physics interpretation
As shown in the previous Sections, experimental results on branching fractions, angular distributions, and ratios of branching fractions show deviations from the SM predictions. Although individually these results do not show sufficient evidence for NP yet, the pattern that is emerging is certainly interesting as they are all based on the same b → s + − quark level transition. Several correlated analyses of these anomalies have been performed in order to identify a possible universal NP contribution that could relax the tensions observed in the fit and provide a coherent description of the data.
All the exclusive FCNC semi-leptonic decays are sensitive to the Wilson coefficients C ( ) (7, 9, 10) , while the leptonic decays B This is shown in Table 1 that contains selected results on NP contribution to C ( ) 7,9,10 from Ref. 113 .
The agreement of the results of the fit with respect to different theory inputs (as for example, Ref. 98 and Ref. 113) show that they are robust against the chosen methodology. Unfortunately the fact that most of the NP contribution can be accommodated in a non-zero value for C NP 9 , prevents from an unambiguous interpretation of the results, as non perturbative charm-loop effects could mimic the same effect.
A promising method to resolve the origin of the deviation of C 9 from SM predictions is the analysis of its q 2 dependence. In fact, a high-energy NP contribution would hardly generate any q 2 dependence of C ( ) 9 while a q 2 dependence is expected has been performed with different methods 113, 124 and the results are in agreement with each other, as shown in Fig. 8 .
Unfortunately the situation is still not clear due to the large statistical uncertainties of each bin that do not allow to exclude any of the two hypotheses. It is worth noting that long-distance charm-loop effects in b → s + − transitions are lepton-flavor conserving processes and therefore cannot be the origin of LFU violation effects observed in the measurement of R K and R K * .
The experimental results on R K and R K * suggest a possible violation of the LFU, hence a different NP contributions for C In fact, at low q 2 SM contribution is dominated by the dipole operator associated to the photon pole and NP effects are expected to be highly reduced in this bin, unless light long-range NP effects are present. 125 Different attempts have been tried to explain this coherent set of anomalies in terms of NP affecting the O 9 and O 10 operators. NP can contribute at tree level, via the exchange of a heavy vector-boson Z , 62, 63, 121, [126] [127] [128] [129] [130] [131] [132] [133] [134] or of a scalar or vector lepto-quark, 23, 27, 28, 61, [135] [136] [137] or at the loop level via box diagrams including new particles [138] [139] [140] or Z penguin diagrams.
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A popular category of Z models relies on gauging L τ − L µ lepton number. 63, 128, 131, 142, 143 These models are well suited to explain LFU violations in R K and R * K given the vanishing coupling to electrons of the Z . Moreover, the inclusion of the Z into a SU (2) gauge symmetry, allows also to explain the R D and R * D anomalies, via a tree-level exchange of a W −boson in the b → c − ν transitions 20, 26 If the Z coupling to muons occurs at the loop level, NP contributions responsible of the b → c + − anomalies could possibly also explain the (g − 2) µ anomaly. On the other hand direct searches [144] [145] [146] [147] [148] [149] [150] already severely constrain some of these models and more are expected to be challenged in the near future.
Search for light and weakly coupled particles in rare b decays
The lack of any evidence for new particles in LHC collisions has rekindled the interest in hidden sector theories (see for example Ref. 151 ) In contrast to most SM extensions, these theories postulate that dark matter particles do not carry SM charges and couple only feebly to the SM particles. Hidden sector particles are singlet states under the SM gauge interactions and couple very feebly to the SM particles. The couplings arise via mixing of the hidden-sector field with a SM "portal" operator.
In general, the renormalisable portals with lower dimension in the SM can be classified as follows:
where F µν is the field strength for the dark photon, which couples to the hypercharge field, B µν ; S is a new scalar singlet that couples to the Higgs doublet, H, with dimensionless and dimensional couplings, λ and µ; a is a pseudoscalar axion that couples to a dimension-4 diphoton or digluon operator; and N is a new neutral fermion that couples to one of the left-handed doublets of the SM and the Higgs field with a Yukawa coupling y N .
A lively and broad experimental activity to search for hidden sector particles is currently taking place worldwide (for a review see Ref. 152) . Several experimental technique are considered depending on the mass range of the hidden particles and related mediators. Decays of b hadrons are a unique probe for dark-sector models with particles at the GeV mass scale. In particular FCNC transitions as b → s + − can be sensitive to light scalar (χ) or pseudo-scalar (a) mediators via the process b → sχ, with χ → + − . The LHCb experiment has published a search for a light scalar or pseudo-scalar particle χ produced in the decays B 0 → K * 0 χ, K 0 * → K + π − and χ → µ + µ − and B + → K + χ, χ → µ + µ − , by looking at peaks in the dimuon invariant mass. The analyses were both based on the full Run 1 dataset, 3 fb −1 . 153, 154 In both cases no signal has been observed and upper limits on the branching fraction have been set as a function of the mass and the lifetime of the light hidden mediator. These limits are of the order of 10 −9 for lifetimes less than 100 ps and for m µµ < 4.5 GeV.
Conclusions
With the discovery of the Higgs boson with a mass of 125 GeV and with the absence of unambiguous signal of NP in direct searches at the LHC, our concept of naturalness is currently under pressure. Perhaps NP is at a mass scale much higher than that directly accessible at present colliders and can be detected only via measuring deviations in precision measurements with respect to SM predictions, or it is below the EW scale, couples very weakly to the SM world and so far escaped detection. FCNC b-hadron decays are an excellent probe for exploring both directions. A wealth of experimental measurements and theoretical computations in the last decade allowed the flavor community to test the CKM paradigm with unprecedented precision.
Everywhere an excellent agreement with the SM expectations has been found except for a set of intriguing anomalies observed in the measurements of branching fractions, ratios of branching fractions and angular distributions in FCNC b → s + − transitions and ratios of branching fractions in b → cτ /µν transitions. Several correlated analyses of these anomalies have been performed in order to identify a possible universal NP contribution that could provide a coherent description of the data and this activity will surely continue in the future.
From the experimental point of view, the data already collected by the LHC experiments during Run 2 will allow to reduce significantly the uncertainty of all the measurements contributing ot the anomalies, that are currently statistically limited, and increase (or decrease) the tension with the SM predictions. Moreover Belle II is expected to start data taking with its full detector in 2018 and aims to collect an integrated luminosity of 50 ab −1 by 2024. This will provide a dataset that is about a factor of 50 times larger than that collected by BaBar and Belle together and will open the possibility to confirm (or disprove) the tensions observed in b → s + − and b → c ν transitions. In the coming decade, FCNC b-hadrons decays will continue to play a central role in testing the SM picture and in setting up new directions for model building for NP contributions, in particular if no sign of NP will be found in direct searches at the LHC.
